[1] Several mechanisms including heat transport due to zonal winds, chemical heating and field-aligned ion drag have been proposed to explain the formation of the Equatorial Thermosphere Anomaly (ETA), but the cause of the ETA crests in thermosphere temperature is still a mystery. Our companion study (Lei et al., 2012) has revealed that the field-aligned ion drag mainly contributes to the ETA trough, but has little effect on the ETA crests. In this study, the mechanisms of heat transport associated with zonal winds and chemical heating due to recombination are examined to assess their contributions to the production of the ETA crests on the basis of National Center for Atmospheric Research Thermosphere-Ionosphere-Electrodynamics General Circulation Model (NCAR-TIEGCM) simulations. Our sensitivity simulations demonstrate that neither heat transport due to zonal winds nor chemical heating is able to explain the formation of the ETA crests. Instead, we found that the formation of the ETA crests is attributed to plasma-neutral heating which has two peaks in the topside ionosphere aside the magnetic equator. These two peaks, which are largely controlled by the magnetic field, are the results of energy transfer from thermal electrons and ions to the neutrals through collisions due to their temperature differences, albeit the ultimate source of this heating is solar radiation which produces photoelectrons that mainly depend on solar zenith angle. The TIEGCM simulations show that the crests of the ETA always locate poleward by 10 -15 with respect to those of the Equatorial Ionosphere Anomaly (EIA), although the trough location of the ETA resembles that of the EIA. The location of the ETA crests is associated with the two-hump structure in plasma-neutral collision heating which is small inside the EIA region and larger at the poleward edge of this region.
Introduction
[2] Several mechanisms have been proposed to explain the Equatorial Thermosphere Anomaly (ETA), an interesting phenomenon in which thermosphere temperature and density experience a trough near the magnetic equator with two crests on either side of the magnetic equator near AE20-30 magnetic latitude. One such mechanism is zonal ion-drag. Hedin and Mayr [1973] suggested that the ETA results from latitude variations in zonal ion drag, i.e., the large zonal ion drag at the Equatorial Ionosphere Anomaly (EIA) crests (where electron density is large) results in less energy flowing from the dayside to the nightside of the Earth, and thus produces large thermosphere temperature or density near daytime EIA crests. On the other hand, Fuller-Rowell et al. [1997] suggested that this zonal wind transport mechanism seems to work in the wrong sense, given that the increase of zonal winds at the magnetic equator due to small zonal iondrag would carry hot dayside neutral parcels into the evening sector, creating a temperature bulge at the equator. This is not consistent with the OGO 6 measurements shown in Mayr et al. [1974] in which neutral temperature/density after sunset did not show a peak at the magnetic equator. Another scenario, proposed by Fuller-Rowell et al. [1997] , involves chemical heating. A large portion of the energy due to recombination processes between O + and N 2 (and O 2 ) is converted to heating of the neutral gas. Later, Maruyama et al. [2003] suggested that field-aligned ion drag may play an important role in the formation of the ETA, but they also realized that this mechanism cannot fully explain the ETA observations.
[3] In our companion study [Lei et al., 2012 , referred to as paper І hereafter], the effects of field-aligned ion drag on the ETA have been quantitatively investigated using the National Center for Atmospheric Research ThermosphereIonosphere-Electrodynamics General Circulation Model (NCAR-TIEGCM) [Richmond et al., 1992] . It is found that field-aligned ion drag mainly contributes to the formation of the ETA trough, but has little effect on the ETA crests. One may argue that the field-aligned ion drag effect creates a trough at the magnetic equator, and thus two crests would naturally occur aside the trough. If this is the case, the location of two crests should be about AE10 -15 geomagnetic latitude (see paper І), which is inconsistent with the previous observations. For instance, CHAMP observations show that two crests of the ETA are located at around AE20-30 geomagnetic latitude, poleward of the EIA crests [Lei et al., 2010] . In addition, the ETA crests are often seen in the simulations even without the inclusion of the field-aligned ion drag effect (see paper І). Therefore, the cause(s) of the ETA crests is yet to be understood. The primary objective of the current study is to explore the mechanisms for the formation of the ETA crests on the basis of a series of TIEGCM simulations.
Numerical Experiments and Thermodynamics Term Analysis
[4] Besides the two simulations in paper І, a series of TIEGCM simulations under equinox conditions are conducted for a better understanding of the fundamental mechanisms that produce the crests of the ETA. Table 1 lists these numerical experiments. The solar activity index F107 is 180 solar flux units on the day of year (DoY) 80. In addition, in our simulations the cross polar cap potential and hemispheric power are 1 kV and 1 GW respectively, which represents extremely quiet geomagnetic conditions. The horizontal resolution of the TIEGCM is 5 Â 5 , and the vertical resolution is one-half scale height; the time step of the model simulation is 2 min. The TIEGCM self-consistently solves for the neutral wind dynamo field [Richmond et al., 1992] . The boundary conditions specified in these simulations are also identical to those in paper I.
[5] The possible processes, proposed to explain the ETA formation, such as zonal ion-drag, and chemical heating in the equatorial region, are self-consistently accounted for in the TIEGCM, given that the previous validation studies showed that the TIEGCM can give the general features of the EIA [e.g., Lei et al., 2007] . For example, heat transport due to zonal winds is captured by the advection term, and the neutral gas energy due to the recombination processes between O + and N 2 (and O 2 ) is included in the chemical heating term. A diagnostic analysis that involves a termby-term analysis of the energy equation solved in the model is carried out in this study to elucidate the relative importance of each heating and cooling term to the simulated neutral temperature distribution. The thermodynamic energy equation used in the TIEGCM is given as follows [see Roble et al., 1987; Maeda et al., 1992; Killeen et al., 1997] :
where T is neutral temperature, t is time, g is gravity, C p is specific heat per unit mass, K T is the molecular thermal conductivity coefficient, H is the pressure scale height, K E is the eddy diffusion coefficient which is assumed to be equal to the eddy thermal conductivity, r is the neutral mass density, z is the model vertical coordinate, defined by z = ln P 0 /P, where P is pressure and P 0 a reference pressure (5 Â 10 À4 mb) at z = 0 (z is a dimensionless variable used in the TIEGCM ranging from À7.0 to 7.0); V ! is the horizontal velocity vector, w is the vertical velocity defined by w ¼ dz dt , R is the universal gas constant, and m is the mean molecular mass of neutral gas. In equation (1), Q ph is the solar radiation heating term including non-Maxwellian electron heating and absorption on the Schumann-Rünge bands and continuum; Q ic is the excess heat produced by ion chemical reactions; Q coll is the heat transferred from thermal electrons and ions to the neutral gas through collisions due to temperature differences (we call this plasmaneutral collision heating hereafter); Q jh is Joule heating which accounts for frictional heating between the plasma and neutrals due to velocity differences, and L represents radiational cooling caused by CO 2 , NO, and the fine structure of O( 3 P). In equation (1), heating and cooling rates are in unit of JÁkg À1 s À1 .
[6] The terms in equation (1) can be simplified as
Where Q con represents the vertical heat conduction and eddy heat transport; Q advh is the advection of heat due to horizontal winds; Q adb and Q advv stands for adiabatic heating or cooling caused by the compression or 
In Columns 2-5, Â represents "turn off" and √ represents "turn on." Runs 1-2 were described in detail in paper І.
expansion of the neutral gas and the effects of vertical advection, respectively.
[7] If we add the horizontal advection Q advh and vertical advection Q advv together as one advection term Q adv , equation (2) can be further formulated as follows
All terms in equation (3) can be obtained from the TIEGCM simulation. This term analysis allows us to isolate the mechanisms that contribute to the production of the ETA crests in the model.
Results and Discussion

Heat Transport Due to Zonal Winds
[8] Before addressing the possible effect of zonal winds on the ETA, we should assess whether the TIEGCM can reproduce the observed features of zonal winds associated with ETAs. Figure 1 shows zonal winds at the fixed local time frame obtained from Run 1. This plot gives neutral winds as a function of universal time (UT) and latitude at a constant altitude of 400 km (all simulation results at 400 km in this paper are obtained by interpolating the simulation outputs at constant pressure levels to a particular altitude). As seen in this figure, there are strong westward winds from 10:00 to 16:00 LT and eastward winds from 18:00 to 20:00 LT in the equatorial region. The predominant feature is that the zonal winds in the equatorial region are aligned with the dip equator (white dashed line). Weaker eastward winds aside the fast winds along the dip equator are also seen during 18:00-20:00 LT, which is consistent with DE-2 observations [Raghavarao et al., 1991] . Moreover, Liu et al. [2009] reported the statistical pattern of the zonal winds from the CHAMP data. They also found the fast zonal winds at the dip equator, but they did not see the wind troughs adjacent to the fast winds, which may be smeared out by their statistical analysis. As we know, the zonal winds at the equator are mainly driven by the pressure gradient force, and retarded by the ion drag force l(U À u i ) (where l is the ion drag coefficient, which is proportional to electron density, and U and u i are the zonal winds and zonal drift velocities, respectively). Because both electron density and u i are organized by the magnetic field configuration, as expected, the zonal winds in the equatorial region display a zonal structure that is aligned with the dip equator. A detailed analysis of the mechanism for this zonal wind structure can be found in Kondo et al. [2011] .
[9] Since the default TIEGCM simulation (Run 1) reproduced the fast zonal winds along the dip equator as seen in the observations, the effect of heat transport due to zonal winds on the ETA can be evaluated to assess whether the weak ETA features in the default simulations are caused by the lack of heat advection in the zonal direction. We conduct a similar TIEGCM numerical experiment as the default TIEGCM simulation (Run 1) except that the heat advection term V ! •rT n due to zonal winds (U∂T n /∂x) was deactivated in the neutral gas energy equation in this control simulation. This simulation is referred to as Run 3. The comparison of neutral temperature at 400 km between Run 1 and Run 3 is displayed in Figure 2 . It can be seen that the neutral temperature has very similar latitudinal structures in these two runs at fixed local times from 10:00 to 20:00 LT. This feature becomes more evident in the line plot in Figure 3 . It is clearly seen that the crests and weak trough are also visible during the morning and evening periods in Run 3, although the neutral temperature in the run is lower by $30 K at all latitudes compared with the result of Run 1. Therefore, our simulations revealed that lack of heat transport due to zonal winds in the EIA region is not the mechanism of the ETA formation.
Chemical Heating Effect
[10] The top panels of Figure 4 show altitudinal and latitudinal variations of chemical heating Q ic from Run 1 at 60 W for 10:00, 14:00 and 18:00 LT, respectively. The corresponding electron density (N e ), electron temperature (T e ) and plasma-neutral collision heating (Q coll ) are also shown in this figure. It is interesting to see that there are two humps in Q ic at around AE30 magnetic latitudes. However, chemical heating in the equatorial region peaks around 250 km rather than in the F 2 region (see Figure 4a ). This is because chemical heating is mainly associated with the [11] Fuller-Rowell et al. [1997] suggested that this twohump structure in chemical heating (Figure 4a ) might be the cause of the ETA. In order to assess this scenario, we conducted a sensitivity study using a TIEGCM simulation. In this simulation the chemical heating associated with the O + (or N e ) recombination process was switched off when solving the neutral gas energy equation. This simulation is identified as Run 4. Figure 5 depicts the comparison of neutral temperatures at 400 km simulated from Run 1 and Run 4. It is obvious that the latitudinal structures of neutral temperature resemble each other at all local time sectors from 10:00 to 20:00 LT, although neutral temperature in Run 4 (Figure 5b ) is lower by about 120 K compared with that in Run 1 (Figure 5a ). Figure 6 shows a comparison of neutral temperatures at 400 km from Run 1 (red line) and Run 4 (blue dashed line) at 14:00 and 18:00 LT at three longitudes: 60 W, 30 E and 120 E. Note that the temperature from Run 4 has been added 120 K in this plot for an easy comparison. For 14:00 LT, the crest-trough differences in the simulated neutral temperature without chemical heating (Run 4) become a little larger than that from Run 1. For 18:00 LT, the latitudinal structures at these longitudes are very similar between these two simulations even though chemical heating was switched off. The inability of the chemical heating to explain the formation of the ETA will be further discussed in the following subsection. 
Plasma-Neutral Collision Heating
[12] Besides chemical heating, plasma-neutral collision heating, which transfers heat from the hotter plasma to the neutral gas and depends on plasma density and differential temperatures, is also an important heat source for the neutrals in the upper thermosphere. Referring back to Figure 4d , plasma-neutral collision heating rate shows a strong altitudinal and latitudinal dependence and has a much larger magnitude than chemical heating. The plasma-neutral collision heating term consists of ion-neutral and electron-neutral collision heating (i.e., Q coll = A(T i À T n ) + B(T e À T n ) where A and B are coefficients for the energy transfer from ions to neutrals and from electrons to neutrals by collisions); the former is the dominant one, thus Q coll ≈ A(T i À T n ). The energy gain by ions from the electron-ion Coulomb interactions is generally balanced by the loss to the neutrals through ion-neutral collisions at low-middle latitudes, that is Q coll ≈ A(T i À T n ) = C(T e À T i ) + r i Q jh , where C is coefficient for the energy transfer from electrons to ions by collisions and r i is ion mass density [Wang, 1998 ]. Therefore, plasma-neutral collision heating is roughly proportional to N e 2 and T e À T i since the coefficient C is dependent of N e 2 . Regarding the latitudinal structure of plasma-neutral collision heating, it is small inside the EIA region but large at the outside edge of the EIA. The small plasma-neutral collision heating inside the EIA is due to the fact that plasma temperatures (both T e and T i ) are close to T n in this region (Figure 4c) . Note that the color scales are different for chemical and plasma-neutral collision heating in Figures 4a  and 4d . Obviously, chemical heating is much smaller than plasma-neutral collision heating in the topside ionosphere.
[13] Figure 7 gives more information on the major terms in the energy equation of neutral gas. They include solar heating Q sol , vertical heat conduction Q con , heating and cooling due to adiabatic compression and expansion Q adb , heat advection Q adv and Joule heating Q jh at the longitude of 60 W for 10:00, 14:00 and 18:00 LT from Run 1, respectively. Here solar heating Q sol is the sum of heating processes that are related to solar radiation: Q ph , Q ic and Q coll . As seen in Figure 7a , solar heating shows very similar variations to plasma-neutral collision heating because plasma-neutral collision heating is the dominant process in transferring energy to the neutral gas by solar radiation, as mentioned above. Figure 7b displays the corresponding heat conduction term, Q con , which always plays a passive role in smearing out the temperature gradient associated with the extra heating sources of the neutral gas, as discussed in paper І. Consequently, heat conduction tends to act against solar heating.
[14] Since plasma-neutral collision heating, i.e., the major heat source of the neutral gas, is small inside the EIA region, but larger just outside this region (Figures 4d and 7a) , one may expect that ETA features should also be seen in daytime neutral temperature at 400 km from Run 1, without the fieldaligned ion drag. However, this is not always the case. We showed earlier that ETA features are usually not evident in neutral temperature at 400 km from Run 1 (Figure 5a ) except around sunset when the crest and trough signatures become visible. The main reason for this is that the two-hump structure in solar heating is very weak at 400 km, as shown in Figure 7a . On the other hand, daytime adiabatic cooling Q adb offsets plasma-neutral collision heating outside of the magnetic equator before sunset. In Figure 7c , Q adb is high at the equator with respect to the values at middle latitudes at 10:00 and 14:00 LT. For 18:00 LT, the equatorial adiabatic cooling is much larger than that at other local times, resulting in a stronger ETA trough at this local time ( Figure 5 ).
[15] Plasma-neutral collision heating in Figure 4d shows significant altitudinal variations. That is, it is higher in the topside ionosphere adjacent to the EIA. As expected, ETA features in neutral temperature from Run 1 become obvious at higher altitudes, albeit they are not remarkable at 400 km where the two-hump structure of plasma-neutral collision heating is weak. Figure 8 shows the simulated exospheric temperature (T ex ) from both Run 1 and Run 2. Unlike neutral temperature at 400 km, T ex from Run 1 (Figure 8a ) indeed presents clear ETA crests and trough from 12:00 to 18:00 LT even though this case did not include the field-aligned ion drag in the simulation. Comparison of T ex between Run 1 and Run 2 (Figure 8 ) reveals that the crests in T ex from these two simulations are virtually the same, although the trough from Run 2 due to the adiabatic cooling associated with the inclusion of the field-aligned ion drag is more obvious than that from Run 1. This feature becomes immediately obvious in the line plot of Figure 9 . The location of the T ex crests in latitude is similar to that of the crests in neutral temperature at 400 km (see paper I, Figures 6-7) . T ex from Run 1 (blue dashed line) and Run 2 (red line) almost overlaps each other in the crest regions, albeit T ex in the trough region from Run 1 is higher by about 27 K than that from Run 2. The cresttrough differences in T ex at the longitudes of 60 W, 30 E and 120 E from Run 2 are 52, 66, and 75 K at 14:00 LT; they are 53, 65, and 72 K at 18:00 LT. Peak electron density of the F 2 region is also shown in Figure 9 as a function of latitude. It is clear that the trough location of the EIA resembles that of the ETA, but the crests of the ETA always occurs poleward by 10 -15 with respect to those of the EIA, which is consistent with previous observations [Liu et al., 2007; Lei et al., 2010] . Clearly, the latitudinal variation of the ETA is associated with that of plasma-neutral collision heating through the modulation of plasma density. As discussed previously, plasma-neutral collision heating is very small inside the EIA region but large at the outer edge (poleward) of the EIA (Figures 4 and 7) .
[16] Figure 10 depicts daytime plasma-neutral collision heating on a constant pressure level of Z = 6 (at around The location of the trough in plasma-neutral collision heating corresponds well with the dip magnetic equator, and its crests, which are aligned with the dip equator, locate poleward by about 20 -25 with respect to the trough. Therefore, the plasma-neutral collision process tends to force solar radiation heating to be aligned with the magnetic equator, although the ultimate source of this heating is organized by geographic coordinates. The longitudinal variation of plasmaneutral collision heating is in accordance with that of neutral temperature in the crest regions from 12:00 to 18:00 LT, which further demonstrates that the crests of neutral temperature are associated with plasma-neutral collision heating. Both plasma-neutral collision heating and neutral temperature are weak in the Atlantic Ocean sector, i.e., they exhibit a wave number 1 structure. The simulated longitudinal variation of the ETA agrees fairly well with the CHAMP observations reported by Lei et al. [2010] . Given that nonmigrating tides are not included in our simulations, the wave number 1 structure seen in the thermosphere and ionosphere would be associated with the displacement between the geomagnetic and geographic poles, which is in accordance with the study of Wang et al. [2008] . Additionally, our simulations in Figure 8 showed an asymmetry in the magnitudes of the two temperature peaks, which is supported by the observational evidence [Raghavarao et al., 1991] . As suggested in Maruyama et al. [2003] , this asymmetry is likely caused by the offset between the geographic and geomagnetic equators.
[17] One may notice that the longitudinal variation of the crests in neutral temperature does not correspond well with that in plasma-neutral collision heating at 10:00 and 20:00 LT. Referring back to Figure 7d , at 10:00 and 18:00 LT heat advection Q adv is large at high latitudes. At 20:00 LT, heat advection is even larger at high latitudes (not shown), enhancing neutral temperature there. Consequently, at 10:00 and 20:00 LT ( Figure 8b ) the ETA crests due to plasmaneutral collision heating are smeared out by heat advection at higher latitudes. This supports previous observational results in Liu et al. [2005] who showed that unlike the EIA which persists till postmidnight, the ETA structure becomes indiscernible at night in a statistical sense. Yizengaw et al. [2009] reported that strong EIAs are common in the postmidnight sector (01:00-05:00 LT) during magnetically quiet periods. Therefore, ETA might occur occasionally during postmidnight periods if advection heating is not strong enough to disrupt the ETA crests. It should also be pointed out that Joule heating imposes an additional modulation on the ETA variation during the morning and postsunset periods, although it is quite small under geomagnetically quiet conditions (see Figure 7e) . [18] In order to further demonstrate the effect of plasmaneutral collision heating on the ETA formation, we carried out two more simulations which are the same as Run 1 and Run 2, but plasma-neutral collision heating is turned off in the thermodynamic energy equation. These two simulations are identified as Run 5 and Run 6. Figure 11 presents the corresponding comparison of exospheric temperatures T ex at 14:00 and 18:00 LT. For the case without the field-aligned ion drag (Run 5, blue dashed lines), two weak crests at 14:00 LT and the obvious crests at 18:00 LT seen in Figure 9 disappear; instead, T ex peaks near the equatorial region. Compared with the exospheric temperatures from Run 1 and Run 2 (Figure 9 ), T ex in Figure 11 is colder by about 300 K (see green lines) since the dominant heating source for the neutral gas, plasmaneutral collision heating, was deactivated. Even though the temperature difference between Run 5 and Run 6 in the trough region is about 22 K, the crest-to-trough differences at both 14:00 and 18:00 LT are less than 27 K at the considered longitudes (60 W, 30 E and 120 E). Additionally, the crests of the ETA from Run 6 in Figure 11 locate at similar latitudes as the EIA (black dashed lines). Obviously, these features are not consistent with previous observations of neutral temperature or density [Raghavarao et al., 1991; Liu et al., 2007; Lei et al., 2010] when plasma collision heating was deactivated in the simulations.
Conclusions
[19] Three mechanisms including heat transport due to zonal winds, chemical heating and field-aligned ion drag have been proposed to explain the formation of the ETA, especially in thermosphere temperature. Our companion study (paper І) revealed that the field-aligned ion drag mainly contributes to the ETA trough, but has little effect on the ETA crests. This study is devoted to explore the mechanisms for the formation of the ETA crests on the basis of TIEGCM simulations. The main conclusions are summarized as follows:
[20] 1. Neither heat advection due to zonal winds nor chemical heating is able to explain the formation of the ETA Figure 11 . Same as Figure 9 but for the simulations from Runs 5 (blue dashed line) and 6 (red line) in which plasma-neutral collision heating was deactivated in the thermodynamic energy equation. Peak electron densities in the F2 region (black dashed line) from Run 6 and T ex from Run 2 minus 320 K (green line) are also shown in this figure for comparison.
crests, although the TIEGCM reproduced the fast zonal winds along the dip equator and chemical heating obtained from the TIEGCM also showed two-hump structure along the magnetic latitudes around 300 km.
[21] 2. Plasma-neutral collision heating, which is the energy transfer from thermal electrons and ions to the neutral gas through collisions due to their temperature differences and has two peaks in the topside ionosphere aside the magnetic equator, is the major contributor to the formation of the ETA crests.
[22] 3. The TIEGCM simulations demonstrated that the crests of the ETA always locate poleward by 10 -15 with respect to those of the EIA in that plasma-neutral collision heating with the two-hump structure is small inside the EIA region and larger adjacent to this region, albeit the trough location of the ETA resembles that of the EIA.
[23] In summary, plasma-neutral collision heating and the field-aligned ion drag are the major contributors in producing the ETA crest and trough respectively, although tides originating from the lower atmosphere and geomagnetic activity can also modulate the equatorial thermosphere anomaly.
